Proliferation, mutation, and selection in the germinal center (GC) are thought to occur in distinct microanatomical compartments-the dark zone (DZ) and the light zone (LZ). Thus, affinity maturation has been posited to require frequent trafficking between zones. Here we report the use of multiphoton in vivo microscopy to determine migration patterns of GC B cells. Analysis of time-resolved images revealed unexpected patterns of movement as well as GC B cell morphology. Though frequent movement between the DZ and LZ was anticipated, few cells were observed to cross the interface between the two compartments. Moreover, cell-track trajectories indicated that cell movement in this region is predominantly parallel to the interface, suggesting that B cells circulate within individual LZ and DZ compartments. The results suggest a revision to our views of B cell circulation within GCs and the functional relationship of its two major compartments.
INTRODUCTION
An important element of an effective immune response is the formation of germinal-center (GC)-derived high-affinity memory B cells and plasma cells. Histologically distinct zones can be observed within mature GCs that are distinguished by the presence of a dense follicular-dendritic-cell (FDC) network with extensive fine processes (Camacho et al., 1998; Liu et al., 1992) . Much of the current understanding of GC development is derived from analyses of such histology, leading to a classical view of two segregated compartments with distinct and nonoverlapping functions.
The FDC network is more evident within the region more distal from the T cell zone, termed the light zone (LZ), which appears lighter by brightfield histology (Liu et al., 1992; MacLennan, 1994) . After immunization, immune complexes (IC) bind to the surface of FDCs via FcgRIIB and complement receptors that are highly expressed on FDCs (Carroll, 1998; Liu et al., 1997b; Qin et al., 2000) . It is within this compartment that differentiation toward memory and plasma cells is thought to occur (Cattoretti et al., 2005; Liu et al., 1997a) . The dark-zone (DZ) compartment is more proximal to the T cell zone and is primarily comprised of blasting B cells (Hardie et al., 1993; Liu et al., 1992) . Somatic hypermutation, the hallmark of GC-derived B cells, is linked to DNA replication and is therefore believed to occur within the DZ (Rogerson et al., 1991) . The interface between the DZ and LZ (also referred to as the basal LZ) has features of both zones in that fine FDC processes and proliferating cells are present. An additional region of the GC that is less discussed in the literature is the border of the GC that is adjacent to the follicular mantle, referred to as the outer zone (OZ) (Hardie et al., 1993; MacLennan, 1994) . Although proliferation is thought to mainly occur within the DZ, BrdU incorporation by GC B cells is readily observed within the LZ as well, particularly in murine lymph nodes (Camacho et al., 1998; Liu et al., 1991) .
Because the FDC network and its antigen deposition are more extensive in the LZ, it has been presumed that recognition of antigen on the surface of FDCs occurs only in the LZ. It is envisioned that only B cells that effectively compete for antigen on FDCs receive survival signals, whereas the remainder die by apoptosis (Liu et al., 1997a) . The presence of apoptotic B cells within the LZ is consistent with selection by antigen occurring within that zone, although apoptosis is most evident within the basal LZ and can be observed within the DZ as well (Hardie et al., 1993) .
Computer modeling studies have indicated that enrichment of replacement versus silent mutations in CDRs of V regions in GC-derived cells requires multiple rounds of selection of higher-affinity variants followed by the proliferation of selected mutants (Berek et al., 1991; Kleinstein and Singh, 2001; Shlomchik et al., 1998) . These calculations indicate that this reiterative process must occur frequently, most likely with every division. In order to reconcile the need for mutation within the DZ with a presumed requirement for antigen acquisition within the LZ, the migration of B cells between zones was proposed (Kepler and Perelson, 1993; MacLennan et al., 1991; Oprea and Perelson, 1997) . In this widely accepted model termed ''cyclic re-entry,'' GC B cells migrate between zones for each of these phases, repeating each cycle frequentlyon the order of every division (depicted in Figure 1B ). However, the need for recycling within a GC need only be invoked if selection by antigen can occur only within the LZ. Although a causal relationship between the activation of specific GC B cells and the binding of ICs trapped on FDCs has been envisioned, comparable GC development can occur without IC retention by FDCs, suggesting that soluble, uncomplexed antigen may be sufficient for selective events (Haberman and Shlomchik, 2003; Hannum et al., 2000) . Most animal models of GC development resulting from depot immunization (and presumably replicating viral and bacterial pathogens) release the immunogen as a highly multivalent antigenic array for considerable periods of time after immunization. Therefore, we have proposed that the recognition of soluble multivalent antigen within the DZ permits both the selection and expansion of B cells without requiring a rapid migration between compartments before the next division (Haberman and Shlomchik, 2003) . In this model, the ''DZ selection'' model, movement into the LZ results in terminal differentiation into memory or plasma cells and a final exit from the GC ( Figure 1C ).
Although substantial advances have been made in the past that have elucidated factors influencing compartmentalization of the GCs (Allen et al., 2004) , static studies of GCs in histologic sections are fundamentally ill suited to define the dynamics of motile cells. Here we report the use of multiphoton microscopy in live anesthetized mice to image the movement of GC B cells. Analysis of timeresolved images of GCs has revealed unexpected patterns of migration as well as GC B cell morphology. The data shown here call into question whether movement between GC compartments, predicted by the cyclic-re-entry model to occur frequently, is sufficient to allow for selection between every division. The results suggest instead a revised model of GC B cell trafficking in which the predominant mode of migration involves circulation within the same microanatomically distinct zone. These models and their implications for GC function are discussed.
RESULTS

Characterization of GC Development in Recipients of Adoptively Transferred Hapten-Specific B Cells
For the experiments in this study, we used a well-characterized B cell receptor (BCR) heavy-chain knockin (K/I) mouse strain, which has a high percentage of haptenspecific B cells (Maruyama et al., 2000) . The K/I gene carries the Vh186.2 Ig heavy chain derived from the B1-8 hybridoma that generates a BCR with moderate affinity for the hapten (4-hydroxy-3-nitrophenyl) acetyl (NP) when paired with l1 or l3 light chains (Cumano and Rajewsky, 1986; Lam et al., 1997; Reth et al., 1978) . In order to track individual antigen-specific B cells within GCs in vivo, we adoptively transferred B1-8 +/+ Jk À/À B cells expressing enhanced green fluorescent protein (eGFP) under the direction of the b-actin promoter (Hadjantonakis et al., 1998) . B cells from this strain are highly enriched for the anti-NP specificity because of the absence of kappa-expressing B cells (Chen et al., 1993) ($70% NP specific, data not shown). Mice were imaged 9 days after immunization because at this point in time the GCs are mature, but not too large in diameter, thereby improving our ability to span the entire cross-section of a GC in one field of view while imaging.
Preliminary transfer experiments of B1-8 +/+ Jk À/À B cells into wild-type recipients indicated that NP-specific GFP + cells could not be detected 2 weeks after transfer and immunization, whereas otherwise identical GFP À cells were abundantly detected (data not shown). Because these experiments and previous publications (Andersson et al., 2003; Stripecke et al., 1999) strongly suggest that transferred cells can be rejected on the basis of GFP expression, the transfer of cells into a GFP-tolerant recipient was explored. Mice that express GFP under control of the murine insulin promoter 1 (MIP:GFP mice) (Hara et al., 2003) , and were hence tolerant of GFP, were used as recipients. In contrast to WT recipients, MIP:GFP recipients of GFP + antigen-specific cells developed robust GCs 2 weeks after footpad immunization in numbers that were similar to those obtained with the transfer of GFP À cells, indicating that the transfer into tolerant hosts could overcome such rejection. With this adoptive transfer approach, GFP + cells are B220 + , NP-specific and stain brightly with the lectin PNA (Figures S1A-S1D in the Supplemental Data available online). The percentage of PNA + NP-specific B cells detected by FACS via this immunization protocol did not substantially differ between day 9 and 15 ( Figure S1E ). Thus, we established a system in which eGFP-expressing, Ag-specific B cells could be transferred and recruited into the GC without immune rejection.
In Vivo Labeling of the FDC Network Defines GC Zones and the Anatomical Context of GC B Cells during Imaging A summary of the approach we used to fluorescently label GC B cells, the follicular mantle, and FDCs for intravital microscopy is shown in Figure S1A . To reliably track GFP + cells within the GC, we transferred a mixture of GFP + and GFP À B1-8 +/+ Jk À/À B cells at a ratio of 1:8. As a result, the majority of GC B cells was comprised of GFP À cells, enabling the tracking of individual GFP + NPspecific B cells within GCs that are entirely hapten specific.
To investigate migration routes of GC B cells in vivo, it is critical to have information about the anatomical context of the imaged area. In addition to highlighting the location of the follicular mantle (FM) surrounding the GCs, the LZ and DZ must be marked and distinguished by the presence of FDCs in the LZ. Because it is not possible to transfer these stromal cells, we developed a method to label them in vivo on the basis of their high expression of CD35 (CR1), a feature of FDCs often used to discriminate GC zones by histology (Liu et al., 1997b) . Fluorochromelabeled Fab fragments directed against CD35 were used instead of intact antibodies, thereby avoiding binding and activation by Fc receptors. Injection of labeled anti-CD35 Fab fragments in the footpad results in specific labeling of the FDCs within GCs in the popliteal lymph node that colocalizes with CD21 (CR2) expression ( Figure 2E ). Injection of anti-CD35 Fab fragments does not affect GC size or compartmentalization, as shown by the fact that LNs analyzed up to 5 days after injection retain typical size, shape, and zonal separation (data not cells were isolated (>98% purity) from the spleens of B1-8 +/+ Jk À/À donor mice expressing GFP under control of the chicken-b-actin promoter. 3 3 10 6 B cells were transferred into MIP:GFP recipients. The next day, recipients were immunized i.p. with 50 mg NP-CGG in Alum. 2 days before imaging, recipients were injected in the footpad with anti-CD35 Fab fragments that were conjugated to AlexaFluor-633. Recipients also received wildtype B cells labeled with Hoechst 33342, a nuclear dye with a blue emission. A summary of this preparation for intravital imaging is depicted in Fig shown). To demarcate the follicular mantle and further outline the GC while simultaneously providing a control population of naive B cells, we also transferred wild-type B cells labeled with Hoechst 33342, a nuclear dye with blue emission, 2 days before imaging.
After intravital imaging by multiphoton microscopy (described in detail below), the imaged popliteal LN was fixed with formaldehyde and frozen. Shown in Figures 2A and 2B is the fluorescence that was visible during intravital imaging. The counterstains of serial cryostat sections clearly demonstrate that transferred Hoechst-labeled WT B cells are IgD + and PNA À and are present within the follicular mantle location ( Figures 2C and 2D ). GFP + B cells are IgD À and PNA + and are surrounded by the follicular mantle, and therefore bona fide GC B cells. This system of fluorescent cell transfer along with in vivo labeling allowed us to reliably identify GC and FM B cells, as well as FDC, and to thereby establish the orientation of and zones within the GC.
Time-Resolved Imaging of GCs by Intravital Multiphoton Microscopy Reveals a High Degree of Heterogeneity in Shape and Directionality of Movement
Mice were prepared as shown in Figure S1A , anesthetized with a xylazine and ketamine mixture, placed on a restraining platform, and prepared as described previously (Mempel et al., 2004b) . A stack of optical sections representing $40 mm of depth within the same GC was obtained every 15 s over a period of an hour. An example of such a time-lapse movie is shown in Movie S1 and as a still image in Figure 3A with an outline of the GC zones. The orientation of the imaged LN can also be seen in Movie S2 with a wider field of view of the stacked optical sections. In addition to the labeled FDC network, other undefined accessory cells (within the subcapsular sinus and distributed throughout the B cell follicle) emit fluorescence in the red channel as a result of both a propensity to take up Fab fragments into the cytosol and a strong autofluorescence that is more evident with multiphoton excitation.
For ease of understanding and visual clarity, the ideal x-y focal plane of an optical section would display all GC zones (DZ, LZ, OZ, and interface between the DZ and LZ) as shown in Figure 3A . Of the 10 individual mice that were imaged, three of the surgically exposed LNs provided this optimal view of the GC. The others presented a more vertical descent through the apical LZ. Images from these LN were consistent with the results obtained in experiments displaying both the DZ and LZ in the same field of view.
GC B cells were larger than naive B cells and irregularly shaped. The large size of GC B cells is not unexpected; published histology and FACS analysis indicated that most are blasting. The smaller size of naive B cells was still apparent in experiments in which they were double labeled with the nuclear dye Hoechst and Celltracker Orange, which labels the cytoplasm in addition (shown time resolved in Movie S3 and as a z stack with a wider field of view in Movie S4). GC B cells were heterogenous with regard to several features, namely size, shape, and directionality of movement. The observed morphology of the GC B cells varied greatly. Motile GC B cells frequently exhibited a highly polarized shape with filopodia at the leading edge and a long uropod at their trailing edge ( Figure 3B ). Clusters of cells that were attached to FDCs via long, thin membrane tethers could also be observed ( Figure 3C ; Movie S5). Some GC B cells that remained relatively stationary nevertheless frequently sent out filopodial extensions (Figure 3D) , thereby probing structures in their environment, whereas others remained spherical in shape (Movie S6). Although these images revealed qualitatively interesting features of the GC, the heterogeneity of cell movement mandated a more formal analysis of migration patterns.
Stationary and Motile Populations of B Cells Exist within GCs; Motile GC B Cells Have More Directed Movement than Naive FM B Cells
Individual GC B cells were tracked for direction and distance traveled in three dimensions during a 1 hr imaging time period for as long as the cells remained within the z stack of optical sections. We have distinguished two populations of GC B cells, ''stationary'' and ''moving'' populations, based on total displacement from their origin, with the latter population having more than 15 mm of displacement ( Figure 4A ). Some stationary cells remained within 15 mm of their origin for the course of the whole imaging period (1 hr). Interestingly, the stationary GC cells were not totally immotile, but instead moved or were jostled within their restricted radius with only a marginally lower track velocity than motile GC and naive follicular mantle cells ( Figure 4B ; Movie S6). Accordingly, stationary and motile populations did not differ in their instantaneous velocity (data not shown) but did differ substantially in the extent of directionality in their movement as expressed by displacement rate and also displacement/track length ratio ( Figure 4B ). Motile GC B cells were more likely to move in a directed fashion than their naive counterparts; naive and stationary GC B cells were more likely to make sharper turns between time points than motile GC B cells ( Figure 4C ) (a form of analysis described in more detail in Sumen et al. [2004] ). These characteristics of GC B cell movement were not the result of the injection of anti-CD35 Fab fragments: GC B cells of mice that had not received these Fab fragments had similar displacement rates and propensity for directional movement (data not shown). From these analyses we conclude that stationary and mobile GC B cells can be distinguished and that mobile GC B cells are more directional in movement than naive B cells.
Cell-Track Analysis Reveals Discrete Movement along the OZ and a Dearth of Movement across the Interface between the DZ and LZ
The location and direction of motile cell paths suggested that directional movement often involved migration to, from, or along the periphery of the GC border with the follicular mantle ( Figures 5A and 5B ; Movies S7 and S8).
Multiple examples of tracks were observed to re-enter the GC after extended travel along the OZ, a type of movement that was observed in both the DZ and LZ. Bidirectional movement along the OZ was observed adjacent to both compartments. Stationary cells were seemingly evenly distributed throughout the GC and could be found at the periphery of the GC within the OZ as well ( Figure 5D ).
To measure the propensity of cells to persist within the OZ, the average time unique cells spent in the OZ was calculated. Statistical significance was determined by a computational Monte Carlo approach in which all of the cell tracks of a GC were randomly placed in new start positions and orientations. The measurements obtained with the actual data were compared to those obtained with computer-generated GCs comprised of exactly the same, albeit repositioned, tracks ( Figure S2 ). The results indicate with a high degree of confidence that if the tracks were to be randomly distributed throughout the GC, the average time a cell would spend in the OZ would be significantly shorter than the actual observation (p value = 0.002).
A unexpected pattern of movement was seen at the base of the DZ. Cells at this site were observed to move toward and from the direction of the T cell zone, and in some cases were observed to dwell in one location for longer than 10 min (Figures 5A and 5B; Movie S9). In contrast, cells that left the GC through the FM above the apical LZ were seen frequently, but none were observed to re-enter the GC through that route at this point in time in GC development.
A fundamental prediction of the original recycling model is that cells must cross the DZ-LZ interface frequently. In contrast to this prediction, few tracks were observed to move across the DZ-LZ border (6/117 tracks, Figure 5E ). To further analyze migration trends in the GC, the field of view was divided into equally sized sectors ( Figure 5E ). The average trajectory of the tracks located within each of the sectors of the grid was then expressed as a single vector to indicate the main direction of travel. Figure 5F is a plot of such an analysis of the experiment that is also represented in Figures 5A-5D . This analysis confirmed the finding that the interzonal migration across the interface between the DZ and LZ was not extensive, because the movement in the sectors comprising this region was predominantly parallel to that plane. The pattern is instead more indicative of an intrazonal movement with cells turning back to their respective zone, resulting in a rotating vector pattern in adjacent squares. Although a longer imaging time period is not currently technically feasible in three colors, it would be reasonable to predict that cell movements would continue to display the trends observed during the course of an hour, i.e., that a higher percentage of tracks would move parallel to the interface between the DZ and LZ and to a lesser extent across it.
Additionally, the extent to which B cell movement deviated from parallel motion along the interface between the DZ and LZ was assessed by another approach. For this purpose, a longitudinal axis connecting the two poles (DZ base and LZ apex) of the GC was set. By moving a perpendicular plane along this axis, the directionality of each track crossing that plane within a discrete region of the GC could be determined ( Figure 5G ), confirming that cells near the interface between the DZ and LZ show no preference in their direction of motion perpendicular to that plane. Taken together with the vector plot shown in Figure 5F , these results are consistent with a predominantly parallel motion near the interface.
Although the migration observed in this study may reflect a pattern of movement that is typical of this particular point in time of GC development, we think it is likely to be representative of movement within larger GCs. Our experiments were performed 9 days after immunization, a stage of LN GC development where LN GCs have reached maturity as evidenced by a pronounced FDC network and zonal segregation ( Figures 2B and 2F ; Figure S1E ). Taken together, these analyses demonstrate that GC B cells mainly recirculate within their zone of origin and rarely move between zones.
Estimation of GC B Cell-Cycle Length and Its Relationship to Theoretical Migration Rates between GC Compartments
Because the expected transit of cells from the DZ to the LZ in the cyclic-re-entry model is highly dependent on the cell-division rate, we analyzed this in NP-specific LN GCs. B1-8 knockin mice were immunized as before and at day 9 (B) Displacement rate, displacement/track length ratio, and track velocity of different GC populations and naive FM B cells. Differences between stationary GC, motile GC, and naive populations were all significant by Student's t test (p < 0.0001; except for displacement/track length ratio between stationary and naive, p = 0.0084; and track velocity between stationary and naive, p = 0.0003). (C) Frequency distribution of angles between subsequent time points show lesser degree of turning within the moving GC population, indicative of a more directional movement compared to the stationary GC and naive populations. Red lines indicate the 25% and 75% percentile. Exact values are: À86.99, +87.07 (stationary GCs); À73.88, +72.92 (moving GCs); À83.42, +83.74 (naive). Data for this figure were pooled from movies from three different mice. n = 71 for stationary GC cells, n = 300 for motile GC cells, and n = 294 for naive FM B cells. injected i.v. with bromodeoxyuridine (BrdU), a thymidine analog that is taken up by cells in the S phase of the cell cycle. The extent of BrdU incorporation by NIP + CD95 + B220 + B cells was assessed and the DNA content of the pulse-labeled GC cells stained with DAPI followed over time to determine the length of time required for passage through the G2/M and G1 phase and a return to the S phase. BrdU + GC B cells that had just begun the S phase, as judged by the low DNA content levels at the earliest time point after injection, had largely progressed to the G2/M phase 4 hr later and re-entered S phase between 6 and 8 hr after the initial pulse labeling (Figure 6A) . The timing of the shift from S phase to G2/M and G1 is also evident in a plot of the fraction of GC B cells in each phase over time ( Figure S3 ) that summarizes the results obtained with multiple mice.
The increase in the total number of BrdU + GC B cells between 6 and 8 hr is consistent with this estimate of the division rate ( Figure 6B ). Note that i.v. injection of BrdU results in a briefer pulse labeling than can be obtained with i.p. injections, as evidenced by the lack of additional BrdU + cells in the few hours after the injection. Available detection channels constrained us to use CD95 to identify GC B cells, but CD95 is expressed by non-GC B cells after immunization, including IgD + B cells and plasmablasts (Cassese et al., 2003; Ursini-Siegel et al., 2002) . Therefore, the total frequency of BrdU + cells was adjusted for the presence of non-GC B cell subsets defined as PNA lo CD38 hi cells, estimated in a separate experiment to be approximately 17% ( Figure S4) .
In order to estimate of the percentage of GC cells that must migrate from one zone to the other to conform with (D) Stationary cell tracks, which are evenly distributed throughout the GC. In (A)-(C), only tracks that have moved more than 20 mm are shown in order to better observe the track endpoints highlighted with white dots. GC zones are defined based on images such as those shown in Figure 3A .
(E) Summary of B cell tracks over all time points and z planes. Based on images such as Figure 3A , a line separating the compartments along the interface between the DZ and LZ (green solid line) was used to define a longitudinal axis (perpendicular to this line) connecting the poles of the GC (base of the DZ and LZ apex). Tracks crossing the interface between the DZ and LZ are shown in red. (F) Vector plot showing the average trajectory (arrow direction) and displacement (arrow width) for all motile B cell tracks falling within equally sized sectors. Additional methods can be found in the Supplemental Data. (G) Net deviation from parallel motion for B cells crossing planes perpendicular to the longitudinal axis. Each plane is parallel to the boundary between the DZ and basal LZ (shown in [A]) and is defined by its intersection with the y axis (for reference, the plane defining the boundary between the DZ and basal LZ has a y intercept at approximately 380). The net flux perpendicular to the interface between the DZ and LZ was calculated as the difference in the number of tracks moving toward the apical LZ (positive values) compared with movement toward the T zone (negative values). a stringent cyclic-re-entry model of affinity maturation, a computational model of GC population dynamics was developed and fit to the experimental observations. The construction of this model and its assumed parameters are described in detail in Supplemental Experimental Procedures. The predicted fraction of GC cells needed to migrate bidirectionally between zones each hour in order to be consistent with the observed DZ/LZ ratio and BrdU labeling is shown in Figure S5 in which the predicted time spent in S phase is plotted as a function of the fraction of the GC capable of dividing. The results of this simulation of flux between compartments suggest that with a division time of 8 hr, at least 17% of GC B cells would be expected to migrate between zones per hour in order to remain consistent with the cyclic-re-entry model as defined in Supplemental Experimental Procedures. Longer estimates for the time between GC B cell divisions would require slightly less flux between zones (R11%), but even these estimates are greater than the percentages observed during intravital imaging. Thus, the observed interzonal migration rate, coupled with even conservative estimates of division time, is not in concert with migration models requiring GC B cells to traverse from one zone to the other, and back again, between every division.
Distribution of BrdU + Cells within the Germinal Center
To further assess the physical location of dividing cells, immunofluorescent staining of cyrostat sections of LNs obtained from mice after BrdU injection was performed. This analysis revealed a shift in the distribution of BrdU + cells within GCs over time ( Figure 6A ). Cells that had incorporated BrdU 0.5 hr after i.v. injection, and hence were in S phase at the time, were evenly distributed throughout the interior of the DZ and LZ. Fewer BrdU + cells could be found within the LZ 3-4 hr after injection, indicating that a significant fraction of LZ cells that had been undergoing DNA synthesis at the time of injection had either died or exited this compartment. Although the reduction of labeled cells within the LZ could reflect migration toward the DZ, the presence of BrdU + NP-specific cells within the adjacent FM at 2 hr suggests that egress from the GC substantially contributes to this decrease ( Figures  6A and 6C) .
At 8 hr after injection, a somewhat higher density of BrdU + cells is observed within the LZ than at the 4-6 hr time points ( Figure 6A ). By 12 hr, the distribution of labeled cells again appears more uniform. Although the emergence of additional labeled cells within the LZ at later time points has been interpreted by others as evidence for the arrival of cells migrating from the DZ (Allen et al., 2007; Liu et al., 1991) , it remains equally plausible that this instead results from the local division of labeled cells. Just as the origin of labeled LZ cells cannot be assumed from static images, the direction of movement of cells leaving the DZ can not be discerned: migration into the LZ, exit through the GC border at the T cell zone, and apoptosis can not be distinguished by histology. Notably, the observed shift in distribution is not that predicted by a model of selection by LZ-retained antigen between every division, namely the movement of all labeled DZ B cells into the LZ, and importantly, at least a fraction back again within the estimated division time.
DISCUSSION
Until recently, models of GC compartment function and B cell movement have been inferred from histology and computer modeling of clonally related Ig sequences. To directly determine patterns of migration, we imaged GC B cells by intravital multiphoton microscopy via an approach we developed to distinguish GC compartments. Though frequent movement between the DZ and LZ was anticipated, few cells were observed to cross the interface between the two compartments. Moreover, cell-track trajectories indicated that cell movement is generally parallel to this compartmental interface. The results are most consistent with a predominant intrazonal migration pattern with infrequent movement between zones.
The currently accepted paradigm of GC B cell movement, referred to as cyclic re-entry, envisions that DZ B cells shuttle to the LZ between rounds of division and mutation. This model was invoked to reconcile the need for mutation within the DZ with a presumed requirement for antigen acquisition within the LZ (Kepler and Perelson, 1993; MacLennan et al., 1991; Oprea and Perelson, 1997) . The rapid rate of affinity maturation and high ratio of replacement (R) to silent (S) mutations in CDRs of Ig V regions indicate that the efficiency of selection of highaffinity variants is great. Computer simulations suggest that selection must occur after every division to account for such efficiency (Kleinstein and Singh, 2001; Shlomchik et al., 1998) . We used a mathematical model of cyclic reentry to determine the predicted flux between the zones, which in turn depends on a number of factors, including the division rate and fraction of time spent in each phase of the cell cycle. We used i.v. injection of BrdU to measure these parameters, obtaining a rapid division rate of GC B cells of 6-8 hr, consistent with earlier estimates Zhang et al., 1988) , though somewhat faster than another recent estimate (Allen et al., 2007) . Under the most likely values for all the parameters, the model predicts greater than 17% of cells to be moving across the DZ/LZ border each hour ( Figure S5 ). That far fewer such tracks were observed suggests that such an interzonal migration is not likely to happen between each DZ division. Our data are also consistent with multiple rounds of division without selection within the DZ, coupled with less frequent LZ selection. However, this is not the model we favor, because it is less consistent with the computer simulations described above.
Instead, based on the migration patterns that our vector plots revealed, we propose that GC B cells primarily recirculate within either the dark or the light zone. This intrazonal circulation model, depicted in Figure 7 , does not exclude infrequent migration of B cells between zones, but does not rely on it for successive rounds of mutation and selection. In support of this model, several lines of evidence suggest that GC compartments have elements of functional independence. A study by Wang and Carter (2005) of a CD19 mutant strain of mice concluded that proliferation within the LZ and DZ are initiated and regulated by different mechanisms. Likewise, poor LZ formation in T cell-independent GCs in WT mice, despite the continued proliferation of DZ B cells, implies that migration to the LZ is not necessary for each round of division (de Vinuesa et al., 2000) . The variability in the relative sizes of the DZ and LZ during T-dependent responses further suggests that the progression of one is not wholly contingent on the other. From these observations, it is reasonable to assume that at least some elements of LZ and DZ dynamics are unlinked from one another.
In light of our results and those of others, the prior notion of strictly segregated functions of the LZ and DZ may need to be revised to include proliferation and selection in both compartments. Proliferation clearly does occur within the LZ of rodent LN GCs (Allen et al., 2007; Camacho et al., 1998; Liu et al., 1991; Wang and Carter, 2005 ; and this work), though not as extensively as in the DZ. This of itself is not in conflict with the idea that differentiation to memory cells or AFCs occurs in the LZ (Cattoretti et al., 2005; Liu et al., 1997a) : in vitro studies suggest that several rounds of division are required for AFC differentiation to occur (Arce et al., 2004) . Furthermore, cell types that have been proposed to stimulate GC B cell division are found in the LZ, including T cells, GC DCs, and FDCs (Grouard et al., 1996; Gulbranson-Judge and MacLennan, 1996; Kim et al., 2003) .
All the proposed mechanisms for selection of GC B cells that depend upon other cell types remain available in the DZ at either the GC periphery or T-B border (Fischer et al., 1998; Haberman and Shlomchik, 2003; Lindhout et al., 1993; Liu et al., 1989) . The movement of GC B cells toward and away from the T cell zone border was observed at the DZ base. In mature GCs, portions of the DZ base are in direct contact with the adjacent T cell zone, a location rich in activated T cells and DCs during T-dependent responses (Grouard et al., 1996; Okada et al., 2005; Pape et al., 2003) . DCs at the GC periphery and T-B border are theoretically capable of providing signals similar to those potentially provided by FDCs (Balazs et al., 2002; Dubois et al., 1999; Grouard et al., 1996; Kim et al., 2003) , including the surface presentation of retained, undegraded antigen (Bergtold et al., 2005; Qi et al., 2006; Wykes et al., 1998) .
Although the location of antigen acquisition and BCR crosslinking was not directly assessed, the positions of nonmotile cells may provide some indication by analogy with T cells that arrest upon antigen recognition (Mempel et al., 2004a; Stoll et al., 2002) . Nonmotile cells were distributed throughout the GC, notably including the OZ. Stationary B cells in contact with FDCs were readily observed in the LZ, suggesting an important role for this interaction in LZ dynamics. Stationary GC B cells often remained in one location for at least 1 hr, a time period that is similar to the contact times reported for antigen-specific engagement of T cells with DCs (Mempel et al., 2004a; Stoll et al., 2002) . Although initial encounters of naive B cells with DCs presenting native antigen are only slightly prolonged over nonspecific contacts in vivo (Qi et al., 2006) , activated GC B cells may react more profoundly to antigen presented in a different context in GCs. Because only B cells and FDCs were imaged in this study, it is unclear whether the nonmotile cells in the OZ and DZ are interacting with other cell types.
In this regard, and in several others, our results and interpretations of GC B cell movements differ from two other studies published while this manuscript was under review (Allen et al., 2007; Schwickert et al., 2007) . Interestingly, neither group discerned the tethering of GC B cells to FDCs or distinguished nonmotile from more motile GC cells. This difference in data analysis may have led to their conclusion that GC B cells have less directionality and lower displacement rates than we found for our motile subset. Differences in methods to highlight FDCs may have accounted for these disparate observations: the other studies used intact antibodies that might have either sterically hindered or promoted complement recognition whereas we used Fab fragments specific for CD35. Con-versely, we found migration patterns not noted in the other studies, including intrazonal circulation and substantial traffic along the GC periphery. Finally, though our study and Allen et al. (2007) found similarly small percentages of cells moving between the DZ and LZ, Schwickert et al. (2007) reported a somewhat higher percentage of such cells, possibly reflecting the orientation or size of the GCs that were imaged.
In conclusion, the observations and analysis reported here go beyond prior static histologic analyses to provide a new window onto GC B cell movement, highlighting the peripheral GC border as a substantial component of the migratory route. The results call into question the currently accepted paradigm of frequent interzonal GC B cell movement across the interface between the DZ and LZ and further support an alternative migration model that is predominantly intrazonal. As a result, this study suggests a revision to our views of B circulation within GCs and the functional relationship of its two major compartments.
EXPERIMENTAL PROCEDURES
Mice B1-8 +/+ Jk À/À mice carrying the Vh 186.2 Ig heavy chain derived from the B1-8 hybridoma specific for the hapten NP (Maruyama et al., 2000) and a knockout gene of the Jk locus (Chen et al., 1993) were further crossed with transgenic mice expressing eGFP ubiquitously under control of the b-actin promoter (Jackson Labs) to generate B1-8 +/+ Jk À/À GFP + mice. Mice expressing eGFP under direction of the mouse insulin promoter (MIP:GFP mice) were obtained from M. Hara and used as recipients for cell transfers (Hara et al., 2003) . All mice had been backcrossed onto the Balb/c background. B1-8 +/À knockin mice were used for the cell-cycle analysis of NP-specific GC B cells. All experiments were approved by the Yale University Institutional Animal Care and Use Committee (IACUC).
Cell Transfers B cells were isolated from spleens of B1-8 +/+ Jk À/À and B1-8 +/+ Jk À/À GFP + mice by immunomagnetic purification with the EasySep Negative Selection Mouse B Cell Enrichment Kit (StemCell Technologies). A purity of >97% B cells was achieved, and a total number of 3 3 10 6 B1-8 +/+ Jk À/À B cells per MIP:GFP recipient were injected, of which 1/8 were from B1-8 +/+ Jk À/À GFP + donors and 7/8 were from nonfluorescent B1-8 +/+ Jk À/À donors. For transfer of naive B cells, B cells from spleens and lymph nodes Balb/c wild-type donor mice were immunomagnetically purified as above, labeled with 2.5 mM Hoechst 33342 nuclear dye (Invitrogen) for 30 min at 37 C, and washed twice. In some experiments, naive mice were also labeled with CellTracker Orange (Invitrogen). A total number of 6 3 10 7 naive B cells per recipient was transferred.
Immunizations and BrdU Treatment
The succinic anhydride ester of Nitrophenyl (Biosearch Technologies) was conjugated to chicken g globulin (Rockland) at a molecular ratio of 27:1. Mice receiving footpad immunizations were injected with 10 mg of NP-chicken g globulin (NP-CGG) emulsified in complete Freund's adjuvant (CFA, Sigma) at 1 mg/ml in the right hind footpad of mice. Mice receiving intraperitoneal immunizations were injected with 50 mg of Alum-precipitated NP-CGG. For the cell-cycle analysis of NP-specific GC B cells, B1-8 +/À mice were immunized with 10 mg of NP(27)-CGG in CFA in the hind footpads and analyzed at day 9 after immunization. At indicated time points before sacrificing, the mice received an intravenous injection of 3 mg BrdU in a total of 200 ml PBS in the tail vein.
In Vivo Labeling of Follicular Dendritic Cells Fab fragments were prepared from antibodies against murine CD35 (clone 8C12) by digestion with immobilized papain (Pierce). Complete digestion was confirmed by SDS-PAGE. Fab fragments were labeled with Alexa-dye AL633 succinimidyl esters (Invitrogen). For some experiments, AL568 was used. 20 mg of fluorochrome-labeled Fabfragments were injected into the right hind footpad of experimental mice to label FDCs in the popliteal lymph node. Fab fragments were not injected in some experiments.
Intravital Microscopy
Mice were anesthetized by intraperitoneal injection of a ketamine and xylazine mixture. Animals were immobilized on a custom-built stage and the right popliteal lymph node was surgically prepared as described previously (Mempel et al., 2004b) . The lymph node was immersed in saline and covered with a glass coverslip. Temperature of the lymph node was maintained at 37 C during the time of intravital imaging. An Olympus BX50WI fluorescence microscope in combination with a 203, 0.95NA Olympus objective and BioRad Radiance 2000MP multiphoton microscopy system controlled by Lasersharp software (BioRad), and a MaiTai HP Ti:Sapphire laser with 12-W MilleniaXs pump laser (SpectraPhysics) was used for imaging.
For 4D analysis of cell migration, stacks of 11 optical sections with 3-4 mm z spacing were acquired every 15 s at a laser wavelength of 890 nm. Emitted light was collected with nondescanned detectors after having passed through 400/40, 525/50, and 620/100 nm bandpass filters. Volocity software (Improvision) was used to create sequences of image stacks, track cells, and obtain xyz coordinates from tracked cells over time. Calculations and plotting of cellular motility parameters were done with Matlab software (MathWorks) with custom scripts and Graphpad Prism software.
Immunofluorescence
Lymph nodes were fixed in vivo by injection of 50 ml paraformaldehyde-lysine-periodate solution into the footpads of anesthetized mice after intravital imaging and frozen in OCT (TissueTek) after passage through sucrose gradient solutions. Cryostat sections (7 mm) were stained with the following biotinylated primary reagents: antimouse CD21 (clone 7G6, MJS lab), anti-mouse IgD (clone AMS15, MJS lab), and PNA (Vector). Subsequently, sections were incubated with streptavidin-AL555 (Invitrogen) and mounted in Prolong Gold antifade mounting medium (Invitrogen). Images were taken on an Olympus epifluorescent microscope with Spot software and processed in Adobe Photoshop.
To detect the presence of BrdU in tissue sections, acetone-fixed sections were stained with anti-mouse IgD a -AL488 (clone AMS15, MJS lab) and polyclonal goat anti-mouse Lambda-AL647 (Southern Biotech), fixed in 1% paraformaldehyde, and permeabilized in 0.1% Triton X-100/0.1% sodium citrate. The section DNA was denatured with 1 N HCl for 15 min at 60 C and subsequently treated with DNase I. Tissue sections were further blocked with 10% rat serum and incubated overnight with anti-BrdU-biotin (clone PRB-1, Phoenix Flow Systems). Serial sections were stained with anti-mouse IgD a -AL488 and anti-mouse CD35-biotin (clone 8C12, MJS lab). Streptavidin-AL568 (Invitrogen) was used as secondary reagent.
Flow Cytometry
Spleen or lymph node cell suspensions were incubated with one or a combination of the following reagents: anti-mouse CD45R (B220, clone RA2-6B2, BD Pharmingen), anti-CD95 (Fas, clone Jo2, BD Pharmingen), anti-CD38 (clone 90, Pharmingen), NIP-APC or NIP-PE (generated with the MJS lab), or PNA (Vector). Stains employing biotinylated reagents were further incubated with strepavidin-PE (Prozyme) or strepavidin-APC/Cy7 (eBioscience). Dead cells were excluded on the basis of propidium iodide uptake. Flow cytometry was performed on a LSRII cytometer (Becton Dickinson) and analyzed with FlowJo software (Treestar).
For the cell-cycle analysis of NP-specific GC B cells, 2 3 10 6 cells per stain were treated with EMA (Invitrogen) for 10 min, followed by a 10 min exposure to fluorescent light to label dead cells. The cells were then stained with anti-mouse CD45R, CD95, and NIP-PE as described above and subsequently fixed by dropwise addition of ice-cold absolute ethanol, reaching a final concentration of 70%. After a further fixation step with 1% paraformaldehyde (Electron Microscopy Sciences), each stain was treated with 100 Kunitz Units of DNase I (Sigma) for 30 min at room temperature, blocked with 10% rat serum, and stained overnight with anti-BrdU-AL647 (clone PRB-1, Phoenix Flow Systems). DAPI (Invitrogen) was added at a final concentration of 15 mM prior to acquisition of the cells on a LSRII cytometer. 3 3 10 5 events were collected per sample at a low flow rate (around 200 events per second).
Supplemental Data
Five figures, nine movies, and Experimental Procedures are available at http://www.immunity.com/cgi/content/full/26/5/655/DC1/.
